Introduction
Properties of many materials are affected by how they are processed. Perhaps the oldest and most common example is metal forging: after the metal is shaped into the desired geometry, it is subsequently heated and maintained at an elevated temperature, and then cooled (quenched) to achieve the final state. This intermediate step, known as thermal annealing, allows the metallic atoms to relocate themselves and form specific microstructures. By manipulating time and temperature, annealing can effectively alter mechanical properties of the metallic materials, such as ductility and toughness.
1,2 Such thermal treatments can be also used in glasses or ceramic materials to remove internal stresses and prevent material failure. 1 In modern technology, thermal annealing is also important in semiconductor manufacturing. Thermal treatment significantly improves the electric, 3 optical, 4,5 magnetic 6 and mechanical properties. 7 Annealing can be also applied to graphene-based materials to improve mechanical strength and electric conductivity due to improved atomic ordering. 8 In addition to hard condensed matter, (thermal) processing can also be applied to soft matter. Kim et al. found that poly(isoprene)-b-poly(lactide) copolymer melts can form aperiodic quasicrystalline states that are commonly found in metal alloys. 9 By rapidly quenching the copolymer melt from the disordered state using liquid nitrogen, then reheating it to T o T ODT (where T ODT is the order-disorder transition temperature), the self-assembled polymer micelles can form hexagonal C14 and cubic C15 Laves phases. She et al. studied the self-assembly of polystyrene-b-poly(L-lactide) copolymer thin films grafted on silicon wafers. 10 By thermally annealing
There have been relatively few experimental studies examining how processing via temporal modulation of inter-particle interactions affects the material properties of gelling colloidal suspensions. A promising approach is to use electric 13 and magnetic fields 14, 15 to direct self-assembly. In such systems, the external fields induce polarization that results in anisotropic inter-particle dipole-dipole interactions. The advantage of using such fields is that the interaction can be temporally modulated and is reversible, such that annealing strategies (e.g. AC electric fields or toggled magnetic fields) can be implemented to achieve equilibrium crystalline structures. However, the induced dipoledipole interaction scales with the particle volume and becomes weak when the particles approach the nanoscale. 16 Wagner and coworkers studied the properties of octadecyl-coated silica nanoparticles (which gel when the system is cooled) subject to different thermal histories. 17, 18 However, they found the rheological response of the system was independent of its thermal history. Sherman et al. employed simulations to study the self-assembly of nanoparticles under a toggled depletion attraction. 19, 20 Interestingly, by using time-dependent, periodically toggled attractions, particles could self-assemble into well-ordered crystalline structures without kinetic trapping in a disordered state.
However, it is difficult to experimentally implement time varying colloidal interactions in gelling systems which rely on the addition of a third component (such as depletants or salts) as a means to vary inter-particle interactions. Recently, our group has developed a thermally gelling oil-in-water nanoemulsion consisting of surfactant stabilized, nano-sized polydimethylsiloxane droplets suspended in a poly(ethylene glycol)diacrylate (PEGDA) aqueous continuous phase. 21 At elevated temperatures, the hydrophobic end groups of the PEGDA partition into the oil/water interface and bridge droplets, which results in isotropic attractive interactions that can be temporally tuned ''at will'' without adding another component. Initial work 22 has shown that different heating rates result in different rheological responses, though thermal processing as a means to tune microstructure and mechanics has not been studied. We have also developed a technique that enables us to directly visualize the gel microstructure at any state using confocal microscopy, [22] [23] [24] allowing us to study how processing controls the gel structures. Additionally, the major changes in the macroscopic (rheological) properties and microstructure of the nanoemulsion can be captured within DT = 30 to 40 1C (from room temperature to T = 50-60 1C). 24, 25 Such advantages make this nanoemulsion a suitable model system to understand how thermal processing affects the behavior of colloidal gels with quantifiable experimental evidence. In this work, we experimentally investigate sequential thermal processing of thermogelling nanoemulsions as a means to control material properties. We use rheological properties and real-space microstructural correlations as our canonical metrics to characterize the material behaviors. By changing thermal processing routes, we show that properties of colloidal gels can be beyond the limit set by direct quenching. For example, under certain thermal processing conditions, the gel strength of the nanoemulsion can increase by 47% compared to a step-jump in temperature, and the thermal processing can effectively prevent a decrease in gel strength due to slow relaxation resulting from directly quenching the system at high temperatures. The path-dependent properties of our attractive colloidal systems motivate the concept that one should think beyond just varying chemical composition as a means to control material properties and should expand to consider processing as an equally important parameter. Indeed, several works have shown that even a single material system shows diverse structures and complex properties by carefully directing the self-assembly. [26] [27] [28] In addition to being model colloidal systems, nanoemulsions are widely used in applications such as food products, cosmetics, pharmaceuticals, and enhanced oil recovery for which the ability to engineer material properties through processing conditions is desirable. 29 
Results and discussions
Thermally responsive nanoemulsions
Self-assembly of the nano-sized polydimethylsiloxane (PDMS) droplets is driven by molecular-scale poly(ethylene glycol)diacrylate (PEGDA) bridging at elevated temperatures, as shown in Fig. 1a . The oil-in-water nanoemulsions were prepared using high-pressure homogenization, which allows easy preparation of large quantities of emulsions with a range of droplet sizes ( 
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, where D is the droplet diameter, Dr is the density difference between the oil and continuous phase, g is gravitational acceleration, k B is the Boltzmann constant and T is absolute temperature) of the nano-sized droplets. 29 Accordingly, the nanoemulsion has a liquid-like behavior, which can been seen from direct observation (Fig. 1b) and the rheological response (Fig. 1c) . As temperature rises, the hydrophobic end groups of PEGDA partition into the oil/water interface and form interdroplet bridging. The gelation results in the increase of viscoelastic moduli (Fig. 1c) , and ultimately gives a sample-spanning gel network and solid-like behavior of the sample.
One-step temperature jump rheology
We first investigated the sample with a single temperature jump (from T = 20.0 1C to a higher temperature). The onestep temperature jump can be viewed as directly quenching the nanoemulsion to a certain state, which is analogous to the formation of depletion gels by addition of small molecule depletants into a colloidal suspension. Although this simple quenching mechanism (i.e. one-step temperature jump) has been studied in our prior work, 22, 24 we will describe new insights in the following section which will guide our subsequent thermal processing. enough to capture the major changes in rheology and microstructure at the selected temperatures ( Fig. 1c and d) . At T = 20 1C, both moduli remain nearly constant and the loss modulus G 00 (measuring viscous dissipation) is larger than storage modulus G 0 (measuring elasticity) throughout the measurement.
This liquid-like behavior holds when the temperature is increased up to 30.0 1C (Fig. S2 , ESI †). The moduli significantly increase when the temperature is raised to 32. 
Hierarchal microstructures
We captured high-resolution images of nanoemulsion microstructures at various states using confocal microscopy. We labeled the oil droplets with a red, lipophilic dye (PKH26).
Crosslinking the PEGDA in the continuous phase locks the selfassembled droplets in place at various states, and allows us to directly visualize the internal structures of the nanoemulsion gel at room temperature. Previous work has shown that the addition of small amounts of these chemicals has negligible influence on the nanoemulsion rheology and microstructure. 22 Readers interested in investigation of the fractal dimensions are referred to previous work by our group. 25 Fig . 1d shows the microstructures at different temperatures and various times, t. The times were chosen to be 2, 5, 10 and 20 minutes in order to capture the major rheological changes. Interestingly, at T = 32.5 1C large strands coexist with clusters (see Fig. S2 , ESI † for the discussion that these clusters are not stress-bearing structures). As time proceeds, strands increase in number and size, and fewer clusters are present (see Fig. S4 , ESI † for long-time characterization). These microstructural trends are consistent with the rheology in Fig. 1c , where G 0 and G 00 increase in time, since the larger strands are believed to be responsible for the viscoelastic response. 24 In order to quantitatively study the microstructures in Fig. 1d , we measured correlation lengths from scattering plots. The raw confocal images were first processed via fast Fourier transform (FFT) using image processing software ImageJ. We then calculated the radially averaged light intensity, I(q), of the FFT images, where q is the wave vector (see Fig. S5 , ESI † for an example of extracting correlation length). 23, 32 A representative scattering spectrum is shown in Fig. 2a . We can define three correlation lengths (L C = 2p/q) at T = 32.5 1C: primary correlation length (L C,1 ) from the primary peak, secondary correlation length (L C,2 ) from the secondary peak and tertiary correlation length (L C,3 ) from the inflection point. The calculated results are listed in Table 1 . The physical meaning of three correlation lengths is elucidated in Fig. 2b -d. L C,1 extracted from the strongest scattering intensity corresponds to the averaged distance of the droplet-rich domains separated by the droplet-poor domains, shown as Fig. 2b . This primary correlation length (calculated as 2p/q max , where q max is the wave vector corresponding to the strongest intensity) has been investigated in previous work. 22, 33 On the other hand, L C,2 and L C,3 have not been reported before. L C,2 corresponds to the correlation length of the clusters suspended in the continuous phase, as shown in the Fig. 2c , which is further confirmed by calculating the L C of cropped images where only the freely suspended clusters are considered (Fig. S6 , ESI †). Therefore, it is not surprising that L C,2 is absent at T = 40.0 and 50.0 1C since no coexisting clusters are observed (Fig. 1d) . The tertiary correlation length (L C,3 ) is at a smaller length scale (i.e. larger q), suggesting a 'secondary' structure inside the dropletrich domains, as represented in Fig. 2d . This is also validated by analyzing the intensity profile just within the droplet-rich domain shown in Fig. S6 (ESI †). These secondary length scales (L C,1 and L C,3 ) are a manifestation of a hierarchical structure (see Fig. S7 , ESI † for two-stage yielding which also suggests a hierarchical network), which was not analyzed in our earlier publication. Such hierarchy has been found in a depletion gel by Lu et al. 34 where they found that after introducing depletants into a colloidal suspension, the colloids first form clusters, then form a spanning gel network, which is then arrested. Moreover, Schurtenberger and coworkers also found 'multiple steps' in depletion gel formation using simulations and showed that the higher order gel structures are built on 'meta-particles' composed of few particles. 35 Interestingly, in their work, a scattering spectrum showing multi-stages was also reported, similar to Table 1 , and L C,3 E 1.17 mm is consistent with the micron-sized clusters seen in Fig. 1d and Fig. S6a (ESI †) . Additionally, at later times, more and thicker strands are formed while fewer freely suspended clusters are present (see Fig. S8 , ESI † for the changes in the scattered intensity spectrum). Therefore, it is reasonable to postulate that the strands are formed from the aggregation of clusters (as supported by data in Fig. S4 , ESI †), which is consistent with what has been described in the literature for other systems. [34] [35] [36] The proposed mechanism is shown in Fig. 2e . Upon increasing the temperature, droplets aggregate and form clusters, and the clusters serve as 'building blocks' which then self-assemble and span the macroscopic sample. The decrease in L C,1 correlates with an increase in strands as time proceeds. As reported in Table 1 , at T = 32.5 1C L C,1 decreases with time, which is consistent with the qualitative observation in Fig. 1d where the strands increase in number. At T = 40.0 and 50.0 1C, we were not able to capture the aggregation of such building blocks since the assembly dynamics are faster at these higher temperatures. However, we can still observe changes in L C,3 . At T = 50 1C, L C,3 remains constant for the first 10 min, and the sample maintains a nearly constant elastic modulus. The decreasing G 0 and increasing L C,3
at longer times will be discussed in detail in the next section and compared with the thermally processed samples. At T = 40 1C, L C,3 decreases as time proceeds, which suggests the clusters still can re-assemble themselves even after they aggregate into a network. This reconstruction is reasonable because the characteristic diffusion time for 1 mm clusters is roughly 5 seconds, which suggests rearrangement over the rheological timescale is likely even after the bridging is formed. At such moderate temperature, the attraction is also weak enough not to induce strong dynamical arrest, such as what is seen at T = 50 1C.
Two-step thermal processing
The thermal processing demonstration in this work was conducted at T = 32. Fig. 3b , in which time has been rescaled to be zero when the temperature reaches T 2 . All processed samples collapse onto a master curve, suggesting the microstructures are self-similar, while the onestep jump sample is slightly above the master curve.
To investigate the microstructure of the processed sample as well as the structural self-similarity, we also performed confocal View Article Online microscopy to visualize the microstructures. We used the Peltier plate equipped on the rheometer to make sure the imaging samples underwent exactly the same temperature history as the samples used for rheological measurements. We then focused on the microstructures after the thermal processing was complete (i.e. the microstructures at t = 20 min). The imaging results and the corresponding analyses for all thermal processed samples are shown in Fig. 4 and Table 2 , respectively. The elastic moduli are also listed in Fig. 4 .
For convenience in later discussion, the correlation length of a one-step jump to temperature T will be denoted as L On the other hand, comparing amongst the thermally processed samples, L C,1 slightly decreases with longer holding time (but this change is insignificant if the standard deviation is considered), and L C,3 remains nearly constant. The nearly unchanged L C,1 and L C,3 suggest the difference in final moduli (after 20 min) after different holding times might result from either a smaller length scale that cannot be clearly resolved in our current microscopy setup (due to the resolution limit) or the number density of gel strands formed by residual clusters in solution (that is difficult to quantify from individual microscopy images). However, the self-similar structures of the samples explain the superposition behavior in Fig. 3b .
Interestingly, here we also observed an additional inflection point from the intensity spectrum, similar to the secondary peak in the one-step temperature jump at T = 32.5 1C. The L C,2 in the processed samples results from the microstructure associated with finer, cluster-like structures, as highlighted in the inset of Fig. 4e . We believe this smaller structure is a remnant of the freely suspended clusters from 32.5 1C, which can be found in the processed samples jumping from T = 32.5 to 40.0 1C and T = 32.5 to 50.0 1C, while no signal is found for T = 40.0 to 50.0 1C. Note that even though there are only two correlation lengths that can be determined from processed samples from T = 40.0 to 50 1C, we still use L C,1 and L C,3 for consistency with other samples. Fig. 3c shows the rheological response of the processed samples from T = 32.5 to 50.0 1C. Interestingly, the processed samples possess similar moduli as the sample with one-step temperature jump at T = 50.0 1C, while they have significantly different microstructures, as shown in Fig. 4d-f and Table 2 . and
C;3 ), and the moduli collapse onto a master curve shown in Fig. 3d . By comparing among the processed samples, L C,1 and L C,3 still remain nearly constant, and the moduli are also relatively insensitive to the holding time, as observed when processing from T = 32.5 to 40.0 1C. The relative insensitivity is reasonable since a stronger attraction is induced at T = 50.0 1C, where the structure is dynamically arrested. Readers interested in an estimation of attractive potential energy are referred to the previous work by our group. 21 This stronger attraction can be also qualitatively observed in Fig. 4 where the cluster associated microstructures (L C,2 , signifying the remanence of the clusters from 32.5 1C) can be more easily seen in the T = 32.5 to 50.0 1C sample due to dynamic arrest, compared to the T = 32.5 to 40.0 1C. Additionally, by observing L C,3 (manifestation of the Fig. 4 Microstructures of the nanoemulsion processed with a two-step temperature jump with t hold = 2, 5 and 10 min. All images were taken at the end of thermal processing at t = 20 min. The elastic modulus at each condition is listed at the bottom left corner of each image. All scale bars = 5 mm. Table 2 Correlation lengths (L C ) and the elastic moduli (G 0 ) of the nanoemulsions with a two-step temperature jump from T 1 to T 2 at various holding time at T 1 . Error bars = 1 standard deviation from 9-15 images (Fig. S11, ESI †) . We hypothesize the difference in moduli might result from a smaller length scale that cannot be captured in our current microscopy setup. However, despite the slight difference, the processed samples do show the same trend that G 0 is larger than that of the one-step jump sample at T = 50.0 1C.
In addition to the increase in moduli (see Fig. S10 for G 00 , ESI †), we also note that thermal processing can prevent the gel from aging, which can be seen for the one-step jump to T = 50.0 1C. As shown in Fig. 3e , G 0 starts to decrease after t E 10 min (black dots). We hypothesize that such aging is due to a slow structural relaxation because the nanoemulsion is directly and deeply quenched to a non-equilibrium state. 37 This age-dependent viscoelasticity associated with an internal stress relaxation in out-of-equilibrium systems has also been observed in depletion gels 38 and actin/fascin bundle networks. 39 To test our hypothesis, we performed a SAOS + LAOS measurement. If the relaxation is responsible for aging and the associated decrease in G 0 , yielding (by using LAOS) the gel should facilitate such relaxation and achieve the same final state. The results are shown in Fig. 5 . The blue data shows the aging behavior of the nanoemulsion gel and the modulus eventually reached a plateau after E6000 s using only SAOS. On the other hand, in the black data we used LAOS to yield the gel for 30 s at t = 600 s and the modulus still reached the same plateau as seen in the long time SAOS experiment, but the entire process only took E1000 s. It thus takes approximately one-sixth the amount of time for the measurement with yielding to reach the final state. Additionally, similar to T = 40.0 to 50.0 1C processing (Fig. 3e) , the samples processed from T = 32.5 to 50.0 1C also show that the decrease in G 0 can be effectively reduced by thermal processing, which is highlighted by the inset in Fig. 5 (this is not easily observed in Fig. 3c due to the scale of the y-axis). reported in prior studies. 33, 40 On the other hand, with more complex thermal processing, properties beyond the limit set by direct quenching (indicated by the black dashed line) can be accessed. For example, with two-step processing we can maintain the same gel strength (e.g. G 0 E 450 Pa), but create much more open microstructures (more than doubling of L C,1 to E5.5 mm). We can also have gels with the same L C,1 (E 5.5 mm) but with different G 0 (E200 to 480 Pa). Additionally, two-step thermal processing can increase the gel strength beyond that attainable by directly quenching the system with a Fig. 5 Temporal decrease in G 0 due to the slow relaxation when the nanoemulsion is directly quenched at T = 50.0 1C (blue). Yielding the nanoemulsion can effectively reduce the time needed to reach the final state (black). The yielding step is performed using LAOS with a strain = 15% at a frequency = 20 rad s
À1
. Inset plot highlights the thermal processing sample from T = 32.5 to 50.0 1C (which is difficult to notice in Fig. 3 due to the scale of the y-axis) can also prevent the decrease in modulus as processing from T = 40.0 to 50.0 1C. strong attraction potential. Overall, we find that thermal processing allows us to access states above the dashed line depicted for the one-step temperature jumps.
The properties of the nanoemulsion gels are highly dependent on how they reach the final state, even though the same final temperature is reached. The gels have significantly different rheology and microstructures depending on their thermal history, and these properties can be beyond the limit set by direct quenching, which has been a major focus in literature. We postulate that when undergoing thermal processing from T 1 to T 2 , the system has a memory of the structures at T 1 and reconstructs these intermediate structures when switched to T 2 . This postulate is consistent with the observation that the cluster-associated structures (L C,2 ) are found in processed samples from T = 32.5 to 40.0 1C and from T = 32.5 to 50.0 1C, which indicates the remanence of the clusters from 32.5 1C. A holding step at T 1 seems to be similar to thermal annealing. Thermal annealing is often used as an additional step in material manufacturing processes that allows a system to reach the global free energy minimum without being kinetically trapped. It is therefore often used in order to create a regular order on a molecular scale and to improve and control the macroscopic properties. 1 However, contrary to the results of thermal annealing, colloidal gel systems are often associated with a kinetically arrested disordered state, such as percolation 18 or spinodal decomposition, 34 whereas the global energy minimum corresponds to the bulk phase separation. 29, 41 Moreover, our thermal processing results are relatively insensitive to the length of time holding at T 1 , and the thermal processing does not facilitate a regular pattern of colloidal order. Both behaviors are contrary to what has been reported in the literature, where the properties of the material are strongly dependent on the annealing time. 10, 11 Future work using simulations will help elucidate the mechanism on the nanometer scale (i.e. single droplet) and the droplet diffusive time scale (droplet diffusive time E a 2 /D = 6pZa 3 /k B T B 10 À4 s, where a is the droplet diameter, D is the droplet diffusivity, Z is the viscosity of the continuous phase k B is the Boltzmann constant and T is absolute temperature). We will study both dynamics and mechanisms of the effect of thermal processing and the evolution of the microstructures, which will bring more insights into the spatial and temporal evolution of the system, as experimentally demonstrated in this work.
Conclusion
We have demonstrated that thermal processing conditions can be used to tune both the mechanical and structural properties of a thermally gelling nanoemulsion suspension. Under certain thermal processing conditions, the gel strength can be increased up to 47% compared to a single temperature jump. Additionally, the thermal processing can effectively prevent a decrease in gel strength due to a slow relaxation. By combining the results from one-step and two-step temperature jumps, properties of gels can be beyond the limit set by direct quenching, which has been a major focus in literature. We have also shown that the nanoemulsion gel is a hierarchical structure comprised of multiple length scales which are in turn related to the rheological properties. Our results suggest that the mechanistic reason for such control is that the system sequentially forms hierarchical microstructures and dynamic tuning of the droplet interactions through temperature can influence the trajectory taken through phase-space. Our work also provides new experimental evidence which relates the path-dependent rheological properties to associated microstructures in attractive colloidal systems. Future work using simulations will help validate the postulated mechanisms and role of hierarchical assembly. Concepts from our work could be applied to other attractive colloidal systems which can improve the understanding of such systems, and can be utilized in colloid-based material design. Translation of model systems to products requires the development of industrial processes. Here we demonstrated that the process itself is an important tool to be leveraged to tune material properties.
Materials and methods

Materials
Sodium dodecyl sulfate (SDS), poly(ethylene glycol)diacrylate (PEGDA, M n = 700 g mol À1 ), silicone oil (polydimethylsiloxane, PDMS, viscosity = 5 cSt at 25 1C), lipophilic dye PKH26 (excitation and emission wavelengths l ex /l em = 551/567 nm) and photoinitiator 2-hydroxy-2-methylpropiophenone (Darocur 1173) were purchased from Sigma-Aldrich. All chemicals were used without further purification.
Synthesis of nanoemulsions
The nanoemulsion system studied in this work was composed of a disperse phase PDMS of volume fraction = 0.15, an aqueous continuous phase consisting of PEGDA of volume fraction = 0.33, SDS of concentration = 0.175 M and deionized water. The nanoemulsions were synthesized by the following procedure. First, a pre-emulsion was prepared by adding PDMS to the aqueous continuous phase composed of PEGDA and SDS using magnetic stirring with a speed of 700 rpm. Stirring was maintained for 20 min or until no macroscopic phase separation was observed. A high-pressure homogenizer (EmulsiFlex-C3, Avestin) was used to process the pre-emulsion into the corresponding nanoemulsion. The homogenization was conducted at a pressure of 18 kpsi for 14 passes. The emulsion was cooled to 4 1C between each pass and the final nanoemulsion was stored at 4 1C until further use.
The size of PDMS droplets was monitored using dynamic light scattering (90Plus PALS, Brookhaven Instruments). Fig. S1 (ESI †) shows the evolution of droplet size after each pass. The droplet size was measured by diluting the oil volume fraction of the emulsion from 0.15 to 0.002 using an aqueous diluting agent consisting of PEGDA with volume fraction = 0.33. It has been reported previously that dilution using this diluent does not affect the droplet size and polydispersity. 21 The nanoemulsion suspension used in this work has a droplet size equal to 37 nm with polydispersity equal to 0.187.
Rheology
Rheological characterization was performed by using a stresscontrolled rheometer (ARG2, TA instrument) equipped with a 21 60 mm aluminum upper-cone and a temperature-controlled Peltier lower-plate. For each measurement, the nanoemulsion was loaded onto the Peltier plate at 20 1C. A wetted solvent trap was used and a few drops of deionized water were added on top of the cone to control the evaporation. Before each measurement, a preshear step with a constant rotation at a rate of 20 rad s À1 for 30 seconds followed by a 90 seconds period where the sample remained quiescent at T = 20 1C, was performed. Thermal processing measurements (one-step and two-step jumping) were carried out at an oscillatory frequency = 20 rad s À1 with strain = 0.1%. The speed of temperature increase was set to be the maximum rate that the rheometer was able to achieve. Fig. S2b (ESI †) shows the actual temperature history during the measurement. Large amplitude oscillatory shear (LAOS) at an oscillatory frequency = 20 rad s À1 with strain = 15% was performed to yield the nanoemulsion at 50 1C for the gel aging (Fig. 5) . LAOS was applied at t = 600 s for 30 seconds. Freshly loaded nanoemulsions were used for each measurement.
Confocal microscopy
Direct visualization of the gel microstructures was carried out by using a confocal laser scanning microscope (LSM 700, Zeiss) quipped with a 63Â oil-immersion objective (numerical aperture = 1.4). Samples for imaging were prepared as follows. First, the nanoemulsion was mixed with 1 vol% fluorescent dye and 1 vol% photoinitiator. It has been shown previously that the addition of this small amount of chemicals does not affect the microstructures. 22 Subsequently, 150 mL of the mixture was loaded into a glass chamber (Lab-Tekt #155411, Thermo Fisher Scientific). Pipetting samples into glass chambers for microscopy mimics the preshear step on the rheometer. Then, the sample-loaded glass chamber was put onto the Peltier plate on the rheometer at 20 1C for 90 seconds, and the sample underwent the same thermal history as during the rheological characterization. The time scale of the heat transfer from the Peltier plate to the sample through the glass is negligible. The thickness of the glass microscope slide is 0.15 mm according to the vendor. The thermal diffusivity of the glass slide is about 0.55 mm 2 s À1 . 42 Therefore, The diffusive time scale is 0.152/0.55 = 0.04 s, which is negligible compared to the experimental time scale. After thermal processing, the sample was exposed to UV-light (l = 365 nm) for 50 seconds. The crosslinking of the PEGDA in the continuous phase locks the pristine microstructure in place, which allows one to directly visualize the gel structure at room temperature using confocal microscopy.
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